Abstract Although the adult mammalian myocardium exhibits a limited ability to undergo regenerative growth, its intrinsic renewal rate is insufficient to compensate for myocyte loss during cardiac disease. Transplantation of donor cardiomyocytes or cardiomyogenic stem cells is considered a promising strategy for reconstitution of cardiac mass, provided the engrafted cells functionally integrate with host myocardium and actively contribute to its contractile force. The authors previously developed a two-photon fluorescence microscopy-based assay that allows in situ screening of donor cell function after intracardiac delivery of the cells. This report reviews the techniques of two-photon fluorescence microscopy and summarizes its application for quantifying the extent to which a variety of donor cell types stably and functionally couple with the recipient myocardium.
Although the adult mammalian myocardium exhibits a limited capacity to undergo regenerative growth [3, 10] , its intrinsic renewal rate is insufficient to compensate for myocyte loss during cardiac disease [17] . Transplantation of donor cardiomyocytes or cardiomyogenic stem cells is considered a promising strategy for restoration of myocardial mass [13, 22] . Cellular transplantation-based approaches have been shown to improve cardiac function [22] , but it has not been clear whether this effect reflects a direct contribution of functionally integrated donor cells. Although indirect effects can clearly be of therapeutic value, reconstitution of lost contractile function remains the ultimate goal of cellular transplantation strategies.
Active contribution of cellular grafts to the overall contractile force of the recipient heart requires the ability of individual donor cells to form a functional syncytium with the undamaged host myocardium. Accordingly, we developed a two-photon laser scanning microscopy (TPLSM)-based imaging assay that allows us quantitatively to assess, at the level of the individual cell in situ, the extent of functional coupling between transplanted donor cells and resident host cardiomyocytes. We briefly review technical aspects of the imaging assay and summarize its use for studying the functional fate of different donor cell types after their direct intracardiac delivery.
Requirements for an In Situ Assay to Screen Functional Integration of Transplanted Donor Cells
Because transplanted donor cells can be located 10-100 l below the epicardial surface, one major requirement of the assay was its ability to assess functional aspects of donor cells at the cellular level deep within the myocardial wall. Although single-photon confocal microscopy readily provides the capability to generate thin optical sections within living biologic specimens, two-photon excitation fluorescence imaging has the significant advantage of improved imaging depth relative to confocal microscopy, with virtually no loss in spatial resolution [5] .
During two-photon illumination using rapidly pulsed, high-intensity, long-wavelength light ([700 nm), the fluorophore excitation, and thus the emission, is confined to an ellipsoid volume around the focal point of the objective lens, giving two-photon imaging its intrinsic 3D resolution. The magnitude of the two-photon excitation volume critically depends on the numeric aperture of the objective lens. For example, using a 1.2 numeric aperture objective and an excitation wavelength of 850 nm, fluorophore excitation, and thus emission, is confined to less than femtoliter volumes around the focal point, with less than 1 lm of extension in the axial direction [21] . However, spherical aberration resulting from a refractive index mismatch between the objective immersion medium and the sample and light scattering due to refractive index heterogeneity within the sample tissue itself can give rise to a significant decline in spatial resolution of multiphoton fluorescence microscopy with increasing depth [29, 30] . Adapting the refractive index of the immersion medium to the mean refractive index of the tissue and/or using longer-wavelength excitation light (to reduce light scattering) may improve spatial, specifically axial, resolution [30] . Also, deconvolution algorithms using depth-specific point spread functions have been suggested to attenuate the adverse effects of spherical aberration and light scattering at resolution [6] .
The second major requirement of the assay was its ability to provide a quantitative readout of the degree of functional donor cell integration. In cardiomyocytes, transient increases in cytoplasmic free calcium concentration serve an indispensable role in linking electrical excitation and mechanical contraction. Consequently, if engrafted donor cells were to contribute actively to the overall contraction of the recipient myocardium, then their excitation-contraction cycles would be expected to occur in phase with those in the surrounding host myocardium. Therefore, our assay used entrainment of intracellular calcium ([Ca ] i cycles in the surrounding host myocardium as a criterion for functional coupling.
A third major requirement of the assay was the ability to distinguish donor and host cells unambiguously in the living heart in situ. Toward this end, our transplantation studies have used donor cells genetically modified to express enhanced green fluorescent protein (EGFP). 21 ] i Imaging in the Langendorff-Perfused Mouse Heart
TPLSM [Ca
We first examined the capability of TPLSM to monitor action potential-evoked [Ca 2? ] i transients at the single cardiomyocyte level in intact Langendorff-perfused mouse heart using the calcium-sensitive fluorescent indicator rhod-2 [23] . Because motion artifacts due to cardiac contraction distort fluorescence signals and thus prevent accurate fluorescence-based measurements of dynamic changes in intracellular calcium in intact hearts, cytochalasin D (50 lmol/l) was continuously applied during image acquisition to uncouple contraction from excitation [4] .
A representative example of electrically evoked [Ca 2? ] i transients in an immobilized, isolated, perfused mouse heart is shown in Fig. 1 . An electrical stimulus delivered at a site remote from the field of view results in an increase in rhod-2 fluorescence intensity, corresponding to an action potentialrelated increase in cytosolic free calcium. The rhod-2 fluorescence rises simultaneously over the length of the scan line, indicating that the sarcoplasmic reticulum Ca 2? release activated by the propagating membrane depolarization is highly synchronized within and among individual cardiomyocytes.
To resolve the time course of changes in [Ca ] i , rhod-2 transients also were recorded in line-scan mode during continuous electrical-point stimulation, as shown in Fig. 1b 
Physiologic Coupling of Transplanted Fetal Cardiomyocytes to the Host Myocardium: Proof of Concept
Next, we examined whether donor myocytes were able to couple functionally with the host myocardium after their intracardiac delivery [24] . Single-cell suspensions of embryonic day 15 ventricular cardiomyocytes from transgenic mice with cardiomyocyte-restricted expression of EGFP were injected into the left ventricular wall of nontransgenic adult mice. Hearts were harvested 1-5 weeks after engraftment and subjected to TPLSM imaging for assessment of action potential-evoked [Ca 2? ] i transients in EGFP-expressing donor cardiomyocytes and non-expressing host myocytes simultaneously.
A representative example of TPLSM images taken from a heart 5 weeks after cellular transplantation is shown in Fig. 3 . The full-frame mode image in panel A was obtained during continuous 2 Hz stimulation at a site remote from the field of view. Donor cardiomyocytes (which appear yellow due to the overlay of green EGFP and red rhod-2 fluorescence) are well aligned with EGFP-negative host cardiomyocytes and morphologically indistinguishable from them. Cyclic variations in rhod-2 fluorescence, due to electrically evoked [Ca 2? ] i transients, appear simultaneously in all cells along the scan line (including those with EGFP fluorescence). The line-scan image (panel B) produced by stacking of successive line scans along the white line in panel A demonstrates that spontaneous rhod-2 fluorescence transients occurred simultaneously in EGFPexpressing donor cardiomyocytes (cells 2, 3, 5, and 6) and host cardiomyocytes (cells 1, 4, and 7). This 1:1 association of rhod-2 transients in host and donor cardiomyocytes was maintained during remote-point stimulation at either 2 or 4 Hz, as well as after the resumption of spontaneous sinus rhythm, suggesting homocellular (donor-to-donor) and heterocellular (donor-to-host) coupling.
Time plots of spatially averaged traces for the red and green fluorescence present in cells 1 and 2 were generated ] i ) imaging in a Langendorff-perfused mouse heart. a Frame-mode image obtained from a rhod-2-loaded Langendorff-perfused mouse heart in the presence of cytochalasin D (50 lmol/l). The heart was electrically stimulated at a remote site when the scan was approximately halfway across the cardiomyocytes in the field of vision. The wavelength for two-photon illumination was 810 nm, and rhod-2 emission was collected at 560 to 650 nm. Arrowheads denote endothelial cell nuclei. b Line-scan image from the heart in (a). The red line in panel a was repeatedly scanned at a rate of 32 Hz during remote-point stimulation at 1 and 2 Hz, and the fluorescence intensities along each line were stacked vertically. The scan line traversed three neighboring cardiomyocytes. from the line-scan data (Fig. 3c) Collectively, these observations supported the utility of the TPSLM-based assay for assessing donor cell viability and function and constituted the first direct proof that donor cardiomyocytes are capable of forming a functional syncytium with the uninjured host myocardium after intracardiac transplantation. Furthermore, donor-derived cardiomyocytes possess functional attributes necessary for the development of force in coordination with their immediate host neighbors. [24] Skeletal Muscle Grafts Create Spatial Heterogeneity of Ca 21 Handling
Transplantation of skeletal myoblasts into normal or injured hearts results in the formation of nascent myotubes. This process has been shown to ameliorate adverse postinfarction remodeling, resulting in retention of improved global cardiac function. Although both functional and structural studies had suggested that de novo myotubes remain electrically isolated from the recipient myocardium, the occurrence of life-threatening arrhythmias in patients prompted us to study myotube-host myocardium functional interactions in more detail using TPLSM [25] . Primary myoblasts expressing EGFP were transplanted into uninjured mouse hearts. After 2 to 6 weeks, the hearts were explanted and subjected to TPLSM imaging as outlined. A representative result is illustrated in Fig. 3 ] i elevations in response to incremental increases in the rate of stimulation, compatible with the notion that they retain phenotypical attributes of skeletal myotubes. Additional studies in independent hearts demonstrated that the prevalence and anatomic location of functionally coupled donor-derived myocytes matched those of donor-host cell fusion events.
Overall, these data suggest that engraftment of skeletal myoblasts generated spatial heterogeneity of [Ca 2? ] i signaling at the myocardial/skeletal muscle interface, most likely resulting, at least in part, as a consequence of spontaneous fusion events between donor myoblasts and host cardiomyocytes. Because cell-to-cell gradients in [Ca 2? ] i have been implicated in the genesis of arrhythmogenic Ca 2? waves, experiments currently are underway to address directly the propensity of skeletal muscle graft-bearing hearts to inducible ventricular arrhythmias. Furthermore, a recent study reported protection from inducible ventricular tachyarrhythmias in infarcted mouse hearts harboring connexin 43-expressing skeletal muscle grafts [20] . Accordingly, experiments are underway to quantitate, at a cellular level in situ, the degree to which ectopic connexin 43 expression in intracardiac skeletal muscle grafts enables stable electrical donor-host connectivity and influences electrical and [Ca 2? ] i signaling in the host myocardium.
Transplantation of Myogenic Stem Cells
Adult bone marrow cells have previously been hypothesized to give rise to functional de novo myocardium after their engraftment into the infarct border zone in mice [18] , sparking quick translation of this concept into clinical applications [1, 28] . We investigated the ability of transplanted bone marrow cells to express attributes of functional cardiomyocytes in situ, using TPLSM [26] . Specifically, we determined whether bone marrow-derived cellular grafts could develop [Ca 2? ] i transients in phase with the host myocardium after direct injection into ischemically injured heart muscle.
Low-density mononuclear cells, c-kit-enriched cells, or highly enriched hematopoetic stem cells were prepared from the bone marrow of adult transgenic donor mice ubiquitously expressing EGFP. The cells were engrafted into the peri-infarct zone of non-transgenic heats approximately 5 h after ligation of the left anterior descending coronary artery. Hearts were harvested 9 days later and subjected to TPLSM.
A representative result of electrically evoked [Ca 2? ] i transients recorded at the graft-host border after transplantation of low-density bone marrow cells is illustrated in Fig. 5 . A cluster of small (diameter,\10 lm), round, EGFPexpressing (i.e., donor-derived) cells were observed to be sandwiched between host cardiomyocytes. Periodic Collectively, these results indicate that bone marrowderived cells lack the capacity to develop [Ca 2? ] i transients in response to electrical membrane excitation and consequently cannot function as cardiomyocytes. Our findings are consistent with the notion that bone marrow-derived cells have only limited capacity to transdifferentiate into cardiomyocytes, in agreement with previous results obtained through molecular and structural analyzes [2, 16] .
Nevertheless, despite the lack of significant transdifferentiation of the engrafted bone marrow cells into cardiomyocytes, the contractile function of infarcted hearts improved to a significant degree. The results of clinical trials were less persuasive overall than those reported in preclinical animal studies, with the exception of a more recent phase 1 clinical trial [19] . Given the lack of cardiomyogenic potential of bone marrow cells applied to the ischemically injured myocardium, the observed increase in cardiac function must result from indirect, most likely paracrine, effects of the bone marrow cell grafts imparted to the surviving host myocardium, including antiinflammatory, pro-angiogenic, and anti-apoptotic effects (Fig. 5) .
In additional studies, we examined the potential of cardiac-resident, phase-bright cells to integrate functionally with the host myocardium after their transplantation into Fig. 4 Spatial micro-heterogeneity of calcium handling at the skeletal-cardiac muscle junction. a Frame-mode images obtained during sinus rhythm (left panel) and electrical field stimulation from a rhod-2-loaded mouse heart carrying an EGFP-expressing skeletal myotube graft (scale bar, 20 lm). b Frame-mode (a, b, and c) and line-scan-mode (d, e, and f) images taken from the skeletal musclemyocardium border after transplantation of EGFP-expressing skeletal myoblasts. Line-scan images were obtained by repeated scanning along the white lines in a, b, and c during remote-point stimulation at 2 Hz. Normalized Ca transients (g-i) for the donor-derived and host myocytes shown in a-f can be seen (14 with permission) ischemically injured hearts [27] . Explant-derived cells were prepared from cardiac explant cultures of transgenic mice ubiquitously expressing EGFP and transplanted into the peri-infarct border zone of syngeneic non-transgenic mice after coronary artery ligation. The use of TPLSM imaging 3 weeks later showed the presence of donor cells in the host myocardium, but electrical stimulation (both remote-point stimulation and field stimulation) failed to elicit [Ca 2? ] i transients in any of the donor-derived cells scanned, whereas they were readily inducible in the remote host myocardium and in surviving host cardiomyocytes within the peri-infarct zone. Thus, although donor cells survived for at least 3 weeks after engraftment, they lacked elements required for excitation-contraction coupling, rendering this approach unsuitable for cell-based myocardial regeneration strategies. All the findings are summarized in Table 1 .
Future Studies
Sources of cells for cellular transplantation also include cardiomyogenic stem cells derived from embryonic stem cells [12, 14] and reprogrammed adult-derived cells with embryonic stem cell-like cardiomyogenic activity (i.e., induced pluripotent stem cells [15] , parthenogenetically derived stem cells [7] , and spermatogonially derived stem cells [8, 9] ). Although in some instances their stable engraftment into the ischemically injured heart muscle has been documented and circumstantial evidence for the ability of embryonic stem cell-derived cardiomyocytes to couple electrically with the host myocardium has been provided, future studies are needed to define quantitatively the propensity of these clinically promising donor cell types to couple stably and functionally with the recipient myocardium after their intracardiac delivery [11] . We believe a TPLSM-based assay is a useful tool for directly addressing these important issues.
